Abstract. Numerous studies have demonstrated a correlation of matrix metalloproteinase (MMP) overexpression with the prognosis of various kinds of cancer. The current study investigated whether the expression of MMPs is correlated with the prognosis of osteosarcoma. Expression levels of MMP-2, -9, MT1-MMP and TIMP-2 were examined immunohistochemically in samples from 47 patients with osteosarcoma. Correlation of the positivity of staining with prognosis was analyzed with the Kaplan-Meier method, and statistically analyzed with log-rank test. Co-localization of MMP-2, MT1-MMP and TIMP-2 was determined by double staining with fluorescence-conjugated antibodies. Activities of gelatinases in representative tissues were examined with gelatin zymography. MMP-2 was expressed strongly in 60% of cases (28/47), and MMP-9, MT1-MMP and TIMP-2 was strongly positive in 61% (29/47), 45% (21/47), and 91% (43/47), respectively. Increased MT1-MMP expression was associated significantly with poor prognosis in overall survival (P=0.0480). In cases of overexpression for both MMP-2 and MT1-MMP, there was a tendency for poor prognosis (P=0.0969). In 36 cases who underwent neoadjuvant chemotherapy, wide resection of the tumors and post-operative adjuvant chemotherapy, increased expression of MT1-MMP resulted in a significant negative prognostic factor for disease-free survival (P=0.0143). Also, co-overexpression of MT1-MMP and MMP-2 showed a tendency to correlate to the reduced disease-free survival (P=0.0502). Increased gelatinase activity was observed in tissues of co-overexpression of MT1-MMP and MMP-2. The results of this study demonstrate the correlation of MT1-MMP expression and the oncological outcome of osteosarcoma patients, suggesting the prognostic significance of these proteins in osteosarcoma patients.
Introduction
Osteosarcoma is the most frequent primary malignant bone tumor in children and adolescents (1) (2) (3) . In the last two decades, the combination of chemotherapy with surgical treatment dramatically improved the clinical outcome of the patients with osteosarcoma. However, there are still a certain number of patients who do not benefit from these improvements. Attempts have been made to identify prognostic factors to predict outcome, and to determine those patients who should undergo more intensive treatment, however, further work is required.
Malignant tumor cell invasion is believed to involve a complex series of integrated events consisting of tumor cell adhesion, extracellular matrix (ECM) proteolysis, and cell migration within the microenvironment (4) . Among the proteases contributing to ECM degradation, matrix metalloproteases (MMPs) are thought to play significant roles in tumor invasion and metastasis (5, 6) . Synthesized as either secreted or membrane-bound latent enzymes, MMPs require proteolytic activation involving cleavage of propeptide domain to exhibit enzymatic activity (7) . Cell-mediated pro-MMP-2 activation involves cleavage by MT1-MMP on cell membranes (8, 9) . The activity of these MMPs is regulated by the endogenous specific tissue inhibitor of metalloproteinases-2 (TIMP-2), which in excess can bind both MT1-MMP and MMP-2 in an inhibitory manner. But, at lower concentrations, TIMP-2 is also essential for the efficient activation of pro-MMP-2. Due to the dual nature of TIMP-2, a small shift in the balance between TIMP and MMP levels may greatly modulate the invasive phenotype in tumor cells (10) . (11) (12) (13) (14) (15) . In soft tissue sarcomas, MMP-2 reactivity and lack of TIMP-2 expression is correlated with poor prognosis (16) . However, although several studies concerning MMP-9 expression in osteosarcoma patients have been conducted (17, 18) , MMP-2, MT1-MMP and TIMP-2 expression have been described in only a few studies. The objective of the present study was to evaluate the immunohistochemical expression of MMP-2, MT1-MMP and TIMP-2 as well as MMP-9, and to determine whether their expression is correlated with the prognosis of osteosarcoma patients. The co-localization of these MMPs was examined by double staining with fluorescence-conjugated antibodies. Also, activities of gelatinases in the osteosarcoma biopsy samples were determined with gelatin zymography.
Patients and methods
Patients and specimens. Tumor tissue samples were obtained from 47 patients with osteosarcoma identified from surgical pathology and the tumor registry records at Nagoya University Hospital and Aichi Cancer Center Aichi Hospital. Biopsy specimens or surgical specimens without chemotherapy were recruited for this study. All patients gave signed consent. Patients were ineligible if they had multicentric primary disease, parosteal osteosarcoma, periosteal osteosarcoma, or recurrent disease. All slides of the cases were reviewed to confirm the diagnosis. There were 28 males and 19 females with a median age of 25. Table I . Most patients had been treated according to the regime of our institutions based on cisplatin, ifosfamide, adriamycin and methotrexate (Table II) . Although patients of stage IV and extraskeletal osteosarcoma patients were included in this study, analysis of survivorship was also accomplished after exclusion of these patients.
Immunohistochemistry. Conventional immunohistochemical studies were performed using a streptavidin-biotin complex technique on the formalin-fixed, paraffin-embedded sections (8 μm thickness) to detect MMP and TIMP expression. Deparaffinized and rehydrated sections were immersed 3 times in phosphate-buffered saline (PBS). Endogenous peroxidase activity was blocked with 0.3% hydrogen peroxide in methanol for 30 min at room temperature and rinsed in PBS. The slides were then soaked 30 min in 10% of normal rabbit serum as a blocking agent. Then slides were incubated at room temperature for 1.5 h with primary monoclonal mouse antibodies for an oligopeptide of VTPRDKPMGPLLVATF (residue 468-483) on human MMP-2 (500 μg/ml mouse IgG/κ, F-68; 42-5D11, Daiichi Fine Chemical Co., Toyama, Japan, 1:500 dilution), an oligopeptide of RSASEVDRMFPGVPLDTHD (residue 626-644) on human MMP-9 (500 μg/ml mouse IgG/κ, F-69; 56-2A4, Daiichi Fine Chemical Co., 1:500 dilution), an oligopeptide of REVPYAYIREGHEK (residue 160-173) on human MT1-MMP (500 μg/ml mouse IgG/κ, F-86; 114-6G6, Daiichi Fine Chemical Co., 1:100 dilution) and an oligopeptide of YRGAAPPKQEFL DIED (residue 178-193) on human TIMP-2 (500 μg/ml mouse IgG/κ, F-70; 67-4H11, Daiichi Fine Chemical Co., 1:500 dilution) were applied. After rinsing with PBS, biotinylated anti-mouse rabbit IgG conjugated with peroxidase was applied as a second antibody, and the antibody binding was detected using the Vectastain Elite peroxidase kit (Vector Laboratories, Burlingame, CA). Slides were counterstained with hematoxylin, dehydrated and mounted. Substituting the primary antibody with nonimmune mouse serum performed negative controls. Two observers without knowledge of clinicopathological information evaluated the results of the immunohistochemical staining semiquantitatively on the basis of a four-point scale: 0-10% for positive stainable cell number (negative; -), 11-25% (weak; ±), 26-49% (moderate; +), 50-100% (strong; ++). For statistical analysis, the cutoff used was 25%; negative/weak staining was classified as low expression and moderate/strong staining as high expression of the respective antigens. Using these criteria both observers agreed on the degree of positivity or negativity of each case. 
Other primary sites include the radius (n=2) and fibula (n=2). b Body trunk includes the clavicle (n=1) and pelvis (n=3).
c The two cases of the extraskeletal osteosarcoma occurred in the thigh. d AJCC, American Joint Committee on Cancer Staging System.
Double immunofluorescent staining.
To evaluate the colocalization between MMP-2, -9, MT1-MMP, and TIMP-2, double immunofluorescent staining was performed. Briefly, sections were deparaffinized, rehydrated, and then incubated with the mixture of 10% rabbit serum and 10% normal horse-serum for 30 min at room temperature. Next, they were incubated with a mixture of a mouse anti-human monoclonal antibody (MT1-MMP or TIMP-2: Daiichi Fine Chemical Co.) and a goat anti-human polyclonal antibody to the carboxy terminus of human MMP-2 (c-19, sc-6838; 200 μg/ml goat IgG/κ, or to the carboxy terminus of human MMP-9 M-17, sc-6841; Santa Cruz Biotec. Inc., Santa Cruz, CA) for 1.5 h at room temperature. After washing with PBS, the sections were incubated with a mixture of the two secondary antibodies (FITC-conjugated rabbit anti-goat IgG and Texas red conjugated horse anti-mouse IgG, Vector Laboratories) for 1 h at room temperature. After washing, they were mounted and examined with a confocal microscope (MRC-1024: Bio-Rad, Hercules, CA). In the preparations stained as described above, a green fluorescence indicated either MMP-2 or MMP-9; a red fluorescence showed MT1-MMP or TIMP-2. An autofluorescence, not indicative of positive stain, was observed in some macrophages and red blood cells. This autofluorescence was recognized by its presence in unstained sections and in immunohistochemically-negative control preparations.
Preparation of osteosarcoma tissue extracts.
Osteosarcoma tissues were minced to 1-3 mm 3 fragments, followed by the addition (1:1, w/v) of tissue lysis/extraction reagent (CelLytic™MT: Sigma, St. Louis, MO) along with the following protease inhibitor cocktail (Complete, EDTA-free: Roche, Penzberg, Germany). The mixture was homogenized on ice using a tissue dounce homogenizer and centrifuged at 1,000 g for 30 min at 4˚C, and supernatants were pooled, aliquoted, then frozen at -80˚C. Concentration of the extracts was determined by Bio-Rad protein assay.
Gelatin zymography. To determine the gelatinase activity in osteosarcoma tissue extracts, gelatin zymography was performed. Tissue extracts (7.5 μl) was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) under non-reducing conditions in 10% polyacrylamide gel containing gelatin (1 mg/ml). After removal of SDS from the gel treated twice with 2.5% Triton-X for 15 min, the gel was incubated in gelatinase activating buffer (5 mM CaCl 2 , 1 μM ZnCl 2 , 200 mM NaCl, 50 mM Tris-HCl, pH 7.6) with gentle agitation for 24 h at 37˚C. After incubation, the gel was stained with 0.25% Coomassie brilliant blue R-250 in 30% methanol and 7% acetic acid. The gels were destained in 30% methanol and 7% acetic acid, and zones of gelatinolytic activity were noted by negative staining. The observed gelatinolytic activity was confirmed since these bands failed to demonstrate gelatinolytic activity in replicate gels incubated in the presence of 10 mM EDTA.
Statistical methods. Clinical data were collected from the patients' clinical records, and survival times were counted (months) from the date of diagnosis to the date of death or last follow-up time before study closure. Kaplan-Meier productlimit method was used to estimate the disease-free survival and the overall survival for the group and to illustrate the effect of each protein expression. The log-rank test was used to evaluate the differences between survival curves. P-value of <0.05 was considered to indicate significance.
Results
Clinical features and treatment of study group. The clinical characteristics and treatment of 47 patients with osteosarcoma are listed in Tables I and II , respectively. Ninety-one percent of patients presented without distant metastasis. The majority of the cases had extremity bones as primary sites (41/47), with 4 cases of trunk and 2 cases of soft tissue in the remaining cases. Forty cases completed the standard therapeutic regimen Table II . Management and clinical outcome of patients. 
C, cisplatin; D, doxorubicin; M, methotrexate; I, ifosfamide; DOD, dead of disease; AWD, alive with disease; NED, no evidence of disease; CDF, continuous disease-free.
including neoadjuvant chemotherapy and surgical resection with curative margin, followed by continued adjuvant chemotherapy. However, three of these cases could not achieve initial disease-free period because of development of multiple lung metastasis. The other 37 cases, including one case of soft tissue osteosarcoma, achieved an initial complete remission (Table II) . The patients received a variety of chemotherapeutic regimens, most frequently, however, cisplatin, doxorubicin, high-dose methotrexate, and ifosfamide were used. Only two patients of cases did not receive chemotherapy because of their religious reason or renal function failure. Forty-seven percent of the patients showed partial response and 36% of the cases evidenced no remarkable change in the radiological examination. Seventeen percent of the cases showed disease progression despite chemotherapy. Ninety percent of the cases underwent limb-sparing surgery with curative margin against the primary site. Four percent of the patients underwent amputation of the limb affected, and 6% of the patients could not undergo the surgery. At the end of follow-up, 64% of the cases remain continuously disease-free and 23% of them died of the disease.
Immunohistochemical analysis of MMP-2, -9, MT1-MMP and TIMP-2.
In specimens from 47 patients with osteosarcoma, the expression levels of MMPs and TIMPs were variable and involved intracytoplasm and/or the cellular membrane of tumor cells (representative case is shown in Fig. 1 ).
MMP-2, MT1-MMP and TIMP-2 were localized within the cytoplasm and membrane of numerous tumor cells. However, MMP-9 was expressed by some of the tumor cells and the multi-nuclear giant cells. All MMPs were expressed on endothelial cells or on the stromal fibloblasts surrounding tumor cells, but the number of positive cells was small. Given that the specimens were heterogeneous in each case, three fields in magnification x400 were randomly selected in each case, and the positivity of the staining was evaluated. The average positivity of three fields was considered as representative of each case.
Of the 47 tumors studied, 28 cases (60%) showed moderate to strong positive immunostaining for MMP-2, 29 (61%) for MMP-9, 21 (45%) for MT1-MMP, and 43 (91%) for TIMP-2, respectively. Eighteen cases (38%) showed a positive staining for both MMP-2 and MT1-MMP. All the cases stained with non-immune mouse serum (negative control) did not show any immuno-reactivity. Table III summarizes MMP and TIMP expression.
Fifteen patients developed metastasis, and 11 patients died of the disease. Thirty patients were continuously disease-free. Among the 15 cases who developed metastasis, 73, 47, 67, and 87% of them showed increased expression of MMP-2, -9, MT1-MMP and TIMP-2, respectively. Among those cases who died of the disease, 73, 64, 73 and 82% revealed increased expression of MMP-2, -9, MT1-MMP and TIMP-2, respectively. In those cases free from the disease, 50, 33, 70 and 7% showed weak expression of MMP-2, -9, MT1-MMP and TIMP-2, respectively.
Relationship between MMP expression and survival rate.
For all 47 cases of osteosarcoma, overall survival (OAS) rate was estimated using the Kaplan-Meier method, and the results were statistically examined by log-rank test. OAS at 5 years in all cases was 75%. The OAS rate was 58% for patients with strong expression of MT1-MMP and 89% for patients with weak expression of MT1-MMP at 5 years. A significant association was observed between the strong expression of MT1-MMP and the shortened survival of patients, compared with the weak expression group (log-rank, P=0.0480: Fig. 2C ).
Whereas, there was no significant difference for OAS in MMP-2 and -9 expression between strong and weak group staining (log-rank P=0.2544 and P=0.8260, respectively: Fig. 2A and B) . Analysis for TIMP-2 expression was not performed due to the small number of cases showing weak expression (n=4) of TIMP-2 compared with the number of strong expression (n=43).
Among the strong group of MMP-2 expression (28 cases), 18 cases also showed strong MT1-MMP expression. The estimated OAS of the group expressing strongly both MMP-2 and MT1-MMP was 57%, and that for the rest of the group was 87%. There was a tendency for low OAS in group of strong expression of both MMP-2 and MT1-MMP (log-rank, P=0.0969: Fig. 2D ).
Osteosarcoma patients who develop lung metastasis during therapy have a very grave prognosis, adjuvant and neo-adjuvant chemotherapies positively affect the prognosis of osteosarcoma patients, and extraskeletal osteosarcoma may differ from skeletal osteosarcoma in prognosis. Excluding these cases, 36 skeletal osteosarcoma of 47 cases, who completed neo-adjuvant, adjuvant chemotherapy and wide resection, were re-evaluated. The estimated OAS at 5 years was 70% and 92% for the patients with strong and weak expression for MT1-MMP, respectively. There was no statistical relationship between MT1-MMP and OAS (log-rank P=0.1245: Fig. 3C ). Also, MMP-2 and -9 showed no association with OAS (log-rank P=0.8967 and P=0.7327, respectively: Fig. 3A and B) . Strong expression for both MMP-2 and MT1-MMP did not show association with OAS (log-rank P=0.4251: Fig. 3D ).
We also analyzed the disease-free survival (DFS) rate of these 36 cases using the Kaplan-Meier method. The estimated DFS at 5 years was 60% for those patients with strong expression and 81% with weak expression of MT1-MMP. The difference between the two curves was statistically significant (log-rank, P=0.0143: Fig. 4A ). However, the expression level of MMP-2 and -9 did not associate with DFS (log-rank P=0.4918, P=0.2748, respectively, data not shown). Among those cases with strong expression of MMP-2, 13 tumors also showed strong expression of MT1-MMP. In these 13 cases, the estimated DFS at 5 years was 62%, whereas in the rest of the cases, it was 78%. These 13 cases showed a tendency for poor prognosis (log-rank, P=0.0502: Fig. 4B ).
Co-localization of MMPs and TIMP-2.
Increased expression of MT1-MMP results in activation of MMP-2 on the cell surface that is required for cell invasion, and TIMP-2 plays important roles in controlling MMP-2 activation. The complex of TIMP-2 and MT1-MMP is also necessary for activating pro-MMP-2. These suggest the significance of evaluating the co-localization of MMP-2, MT1-MMP and TIMP-2 protein.
Co-localization of MMP-9 with other molecules was also investigated. Results of double immunofluorescence labeling demonstrated that MMP-2 co-localized with MT1-MMP (Fig. 5A-C) and/or TIMP-2 ( Fig. 5E-G) . However, MMP-9 did not co-localize with MT1-MMP (Fig. 5D ), but occasionally co-localized with TIMP-2 (data not shown).
Activities of gelatinases.
Gelatin zymography identified gelatinase activity in fresh tissue samples of osteosarcoma. Representative gelatin zymograms are shown in Fig. 6 . Patients with lung metastasis showed an activated MMP-2 band at 67 kDa. The patient with lung metastasis who died of the disease showed a stronger band of activated MMP-2 (Fig. 6A ). This patient also exhibited both MMP-2 and MT1-MMP overexpression in the immunohistochemical analysis. Another patient with lung metastasis but who remained alive with disease showed a rather weak but prominent band of activated MMP-2 (Fig. 6B) . In immunohistochemical analysis, this patient showed strong MMP-2 expression, but MT1-MMP expression was rather weak. The patient with no metastasis and no recurrence did not show activated band of MMP-2 (Fig. 6C) . The results of gelatinase activity were consistent with the immunohistochemical analysis.
------------------------------------------------

metastases deceased disease-free -------------------------------------------------
In all cases MMP-9 was detected at 92kDa and 83 kDa, but these expressions were not correlated with prognosis but rather depended on each subtypes of pathologic appearance. Osteoblastic type expressed most strongly MMP-9 activity and fibloblastic or chondroblastic type showed rather weak activity (data not shown).
Discussion
The prognosis for patients with osteosarcoma has been improved over the last two decades because of the advent of aggressive chemotherapy regimens, but 30-50% of patients still die of pulmonary metastasis (19, 20) . The prognosis of patients with osteosarcoma may not be easily predicted. Several prognostic risk factors have been proposed, including tumor size, tumor grade, site, age, and response to chemotherapy (21) . The presence or absence of some molecules in osteosarcoma cells has also been shown to be prognostic factors, as for example P-glycoprotein (22) or telomerase (23) . Given that MMP is a family of proteolytic enzymes involved in the degradation of extracellular matrix components, and play crucial roles in tumor invasion, angiogenesis and metastasis, several studies have investigated the expression of MMPs in osteosarcoma as prognostic factors. MMP-9 expression has been shown to express in osteosarcoma (18) , to be a significant prognostic factor for the development of metastatic disease, and to be associated with the diseasefree survival of patients with osteosarcoma (17) . These studies did not investigate other MMPs such as another gelatinase, MMP-2. In soft tissue sarcomas, increased MMP-2 expression and lack of TIMP-2 expression have been reported to be significant factors for poor prognosis (16) . The present study analyzed for the first time the expression of not only MMP-9 but also MMP-2, MT1-MMP and TIMP-2 in osteosarcoma tissues immunohistochemically and their correlation to clinical outcome.
Among the many techniques that analyze MMP expression in tumor samples, immunohistochemical evaluation, although it cannot distinguish between latent and active forms of MMPs, has some advantages compared to other methods such as determination of mRNA expression. It can be performed on paraffin-embedded specimens, which is routinely practical in clinical assessment. Expression of mRNA is not guaranteed for translation.
Expression of MT1-MMP and activated MMP-2 are known to have a strong correlation with tumor invasion and metastasis in a variety of tumors (11) (12) (13) (14) (15) . MMP-2 is secreted as a latent pro-enzyme, and its activation is considered to be essential for pericellular degradation of the extracellular matrix during cell migration. In 1994, Sato et al cloned the cDNA of MT1-MMP and showed that MT1-MMP activates pro-MMP-2 but not pro-MMP-9 (24) . In vitro, the human osteosarcoma cell line MG-63 has been shown to express not only MMP-2 but also MT1-MMP (25) , and decreased MMP-2 secretion contributes to the reduction of the invasive potential of osteosarcoma cells (26) . In the current study, increased expression of MT1-MMP is associated with reduced prognosis. There was a tendency for low OAS and DFS in the group with strong expression of both MMP-2 and MT1-MMP. Furthermore, results of double immunofluorescence labeling demonstrated that MMP-2 co-expressed with MT1-MMP and/or TIMP-2. These results agree with the above-mentioned previous studies.
Endogenous specific inhibitor, TIMP-2, which in excess can bind cell surface MT1-MMP and both latent and active MMP-2 in an inhibitory manner, regulates the activity of these MMPs. However, TIMP-2 is also essential at lower concentrations for the efficient activation of MMP-2, acting as a bridge between MT1-MMP and MMP-2 on the cell surface to allow a second TIMP-free MT1-MMP molecule to cleave the propeptide domain of pro-MMP-2 (27). We demonstrated the expression of MMP-2, MT1-MMP and TIMP-2, and their co-localization in human osteosarcoma tissue for the first time. However, expression of MMP-2 or TIMP-2 showed no significant prognostic value in this study, compared to MT1-MMP. One explanation is that antibodies used in this study conjugate with both latent and active MMP-2 (28) . A given activity of MMP-2 was determined by zymogram and showed a stimulated level in poor prognosis patients. Although there are few fresh samples available for zymogram, determination of the activity by zymogram might be a better predictor for prognosis than immunohistochemistry. However, MT1-MMP overexpression showed a significant correlation with poor prognosis and MT1-MMP co-localized with MMP-2 and TIMP-2, suggesting that activated MMP-2 might also play important roles in the progression of osteosarcoma.
We could not, however, detect a relationship between the overexpression of MMP-9 and prognosis. The reason why there is this discrepancy from a previous study would be that the samples we used were before chemotherapy, whereas Foukas et al (17) used samples after neoadjuvant chemotherapy. Another reason might be the difference in sensitivity of monoclonal antibodies between this study and the previous one.
It seems difficult to improve the current response rates of chemotherapy with further dose escalation to overcome drug resistance, as resistant tumor cells are able to withstand the cytotoxic agents. In addition, the associated cytotoxic effects on normal tissues and organs remain a serious drawback. Therefore, we need a new approach for osteosarcoma patients with low cytotoxic agents. Recently, bisphosphonates have been shown to down-regulate MMPs and reduce the invasive potential of osteosarcoma cells (25, 26) . Bisphosphonates or other new drugs, including highly selective matrix metalloprotease inhibitors, may be new candidates for altogether new approaches to the treatment for osteosarcoma.
In conclusion, although the patient number was small and the study was less definitive, we demonstrated that increased expression of MT1-MMP correlates with a poor prognosis in osteosarcoma patients, and MT1-MMP colocalizes with MMP-2 and/or TIMP-2. These results support our speculation that MT1-MMP could be one of the key enzymes among MMPs in the process of osteosarcoma progression. Further investigation of the MT1-MMP and MMP-2 in osteosarcoma tissues will provide better insight into determining the optimal treatment plan, and also may help find as a novel therapeutic target involving fewer cytotoxic agent.
